INTRODUCTION
Intracellular membrane trafficking is regulated by vesicular transport from donor compartments to specific acceptor compartments. Vesicle fusion is mediated by soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) (Jahn and Scheller, 2006) . The SNAREs can be classified functionally into v-SNAREs, located on the vesicles/transport intermediates, and t-SNAREs, located on the target membrane. By their structures, SNAREs are classified as Q-SNAREs (syntaxins, synaptosomal-associated proteins [SNAPs] ) and R-SNAREs (vesicle-associated membrane proteins [VAMPs] ). It is thought that three different SNAREs (two Q-SNAREs and one R-SNARE) assemble into a twisted, parallel, four-helical bundle composed of two cognate parts (v-SNARE and t-SNARE), which catalyze the apposition and fusion between the vesicle and target membrane (Ungar and Hughson, 2003) . The family of SNAP-25 proteins is made up of Q-SNARE proteins that have been shown to modulate membrane fusion in various systems (Ungar and Hughson, 2003) . The mammalian protein SNAP-29 (SNAP, 29 kDa) is one of the SNAP-25 family proteins and is ubiquitously expressed in many tissues. In cultured mammalian cells, SNAP-29 localizes on many different internal membranes, including the Golgi apparatus, endosomes, and lysosomes, and it binds to a broad range of syntaxins (Steegmaier et al., 1998) . SNAP-29 was reported to modulate synaptic transmission by interacting with syntaxin 1A and competing with α-SNAP for binding weight, 31 kDa) in Western analysis ( Figure 1I ). The intensity of the band of SNAP-29 was greatly reduced after RNA interference (RNAi) of snap-29, confirming the specificity of the antibody ( Figure 1I ). RNAi of ric-4 or aex-4 did not show any apparent effects on the subcellular localization of GFP-UNC-64 or GFP-SYN-1 in the intestine, showing a specific effect of snap-29(RNAi) (Supplemental Figure S2 ). In the Nomarski images ( Figure 1A′ , arrowheads), the intestinal cells of C. elegans are normally filled with granules ∼1-2 μm in diameter, some of which are gut granules, lysosome-related organelles containing autofluorescent and birefringent materials (Hermann et al., 2005) . In the intestinal cells of snap-29(RNAi) animals, there were fewer such granules, and a large area of the cytoplasm appeared to have fine vesicular materials ( Figure 1B′, arrows) .
We further examined whether the knockdown of snap-29 affects the secretion of the yolk protein YP170, a ligand related to the mammalian cholesterol carrier ApoB-100 (Grant and Hirsh, 1999) . YP170-GFP fusion protein, like endogenous YP170, is synthesized in the intestine and secreted basolaterally into the body cavity, from which it is endocytosed by the RME-2 yolk receptors expressed in the oocytes (Grant and Hirsh, 1999) . In wild-type animals, YP170-GFP was efficiently secreted from the intestinal cells, taken up by oocytes and discharged as eggs ( Figure 1E ). Conversely, the depletion of snap-29 resulted in a severe accumulation of YP170-GFP in small vesicles filling the cytoplasm of the intestine, demonstrating the secretion defect of snap-29(RNAi) (Figure 1 , F and F″). These results suggest that, in general, SNAP-29 is required for the PM targeting of the membrane proteins and yolk secretion in the intestine. We often observed that undigested bacteria accumulated in the intestinal lumen of snap-29(RNAi) animals.
We also examined the effect of snap-29(RNAi) in nonpolarized oocytes by using RME-2-GFP. In the wild-type oocytes, RME-2-GFP is enriched on the PM and in cortical vesicles and tubules representing early and recycling endosomes ( Figure 1G ; Balklava et al., 2007) . In the oocytes of snap-29(RNAi) animals, RME-2-GFP largely accumulated in vesicular structures deeper in the cytoplasm and around the nucleus, suggesting that the transport of RME-2-GFP to the PM and cortical endosomes was impaired ( Figure 1H ). Thus SNAP-29 has functions in various cell types. Consistently, snap-29(RNAi) showed a strong effect on animal growth and viability. When L1 larvae were treated with snap-29 RNAi, they did not reach adulthood and died at about the L4 stage (n = 267). When L4 larvae were treated with snap-29 RNAi, they showed abnormal oogenesis and produced a reduced number of eggs, about a half of which were unhatched dead embryos (Supplemental Table S2 ).
Organization of the Golgi and endosomes in the C. elegans intestinal cells
We next sought to determine subcellular localization of SNAP-29. In cultured mammalian cells, SNAP-29 localization partially overlaps with the Golgi, endosomal, and lysosomal markers (Steegmaier et al., 1998) . We first examined the spatial organization of the Golgi and endosomes in the intestinal cells of living animals. Unlike vertebrate cells, which contain one large juxtanuclear Golgi stack, C. elegans cells instead contain many Golgi ministacks scattered throughout the cytoplasm like most invertebrate and plant cells (Chen et al., 2006) . To visualize early-Golgi compartments, we created a transgenic animal that expressed mCherry-RER-1 (mC-RER-1) under the control of the intestine-specific act-5 promoter. RER-1 (F46C5.8) is the C. elegans homologue of Rer1p, which functions as a retrieval receptor for endoplasmic reticulum (ER) membrane proteins and localizes to the early-Golgi compartment in yeast (Sato et al., 2001) . mC-RER-1 localized to the punctate structures, and to the SNARE complex (Su et al., 2001) . This interaction results in the modulation of synaptic transmission by inhibiting the dissociation of the SNARE complex. In addition to syntaxins, SNAP-29 interacts with clathrin, α-adaptin of adaptor complex 2, and EHD1 involved in the endocytic pathway (Rotem-Yehudar et al., 2001) and small GTPase Rab3A in myelinating glia (Schardt et al., 2009) . The loss of SNAP-29 in humans causes cerebral disgenesis, neuropathy, ichthyosis, and keratoderma (CEDNIK) syndrome (Sprecher et al., 2005) . In the skin of patients, SNAP-29 deficiency was found to prevent the maturation and secretion of lamellar granules, which are Golgi-derived vesicular structures responsible for the transport of lipids and proteases to the upper layers of the epidermis. Conversely, it has been reported that transport of the vesicular stomatitis virus G protein to the plasma membrane is almost normal in SNAP-29-deficient fibroblast cell lines from CEDNIK patients, even if the Golgi morphology is strongly affected (Rapaport et al., 2010) .
We identified Caenorhabditis elegans SNAP-29 as an essential regulator of membrane trafficking in the intestine and oocytes. We showed that a knockdown of SNAP-29 inhibits the transport of the apical-and basolateral-directed cargos and accumulates fine cargocontaining vesicles in the cytoplasm. Inhibition of SNAP-29 functions also causes vesiculation of the Golgi and endosomes, suggesting that SNAP-29 is involved in multiple steps of exocytic and endocytic pathways. These results also suggest that the organelles comprising the endomembrane system are highly dynamic structures, and constitutive membrane fusion activity is required to maintain certain organellar structures.
RESULTS

SNAP-29 is required for anterograde transport of plasma membrane-targeted and secretory proteins
To monitor membrane trafficking in the polarized intestinal cells of living animals, we chose the syntaxins UNC-64 and SYN-1, which are associated with the plasma membrane (PM) in C. elegans, as cargo molecules and expressed as proteins tagged with green fluorescent protein (GFP) in the intestine. Among eight syntaxin genes in the C. elegans genome, unc-64 encodes a mammalian syntaxin 1A homologue and is involved with presynaptic function in the nerve systems (Saifee et al., 1998) . The unc-64 gene is also expressed in many secretory tissues, including the intestine (Wu et al., 2010) . Syntaxin gene syn-1, the product of which is most similar to syntaxin 1, is expressed in the intestine and is involved in defecation behavior (Yamashita et al., 2009) . N-terminal GFP-tagged SYN-1 is reported to be functional and to localize to the PM (Yamashita et al., 2009) . We found that, in wild-type intestinal cells, GFP-UNC-64 and GFP-SYN-1 predominantly localized to the apical and basolateral PM, respectively ( Figure 1 , A and C).
To gain insight into the mechanisms of polarized protein transport in the epithelial cells, we looked for genes whose RNAi knockdown affected the distribution of GFP-UNC-64 and/or GFP-SYN-1. We found that the RNAi of K02D10.5 resulted in high accumulation of both GFP reporters in small cytoplasmic vesicles (Figure 1 , B and D). K02D10.5 is one of three SNAP-25 family genes in the C. elegans genome (aex-4, ric-4, and K02D10.5), whereas mammals have four genes of the SNAP-25 family, SNAP-25, SNAP-23, SNAP-29, and SNAP-47 (Holt et al., 2006) Figure S1 ). The genes aex-4 and ric-4 encode the SNAP-25 homologues involved in defecation motor program and synaptic function, respectively (Mahoney et al., 2008; Wu et al., 2010) . Because K02D10.5 encodes a protein most similar to SNAP-29, we named this gene snap-29. Using an antibody that we developed against worm SNAP-29, we detected a band around 35 kDa (estimated molecular tubulovesicular structures. We observed that 99% of mC-RER-1-positive puncta were tightly attached with GFP-SYN-16-positive structures ( Figure 2B ), suggesting that C. elegans Golgi ministacks are composed of at least the early and late compartments. Time-lapse images of intestinal cells coexpressing mC-RER-1 and GFP-SYN-16 revealed that C. elegans Golgi is highly dynamic structures (Supplemental Movie). We observed that tubular extensions frequently formed from the GFP-SYN-16-labeled membranes, and these almost all puncta of mC-RER-1 (95%) extensively colocalized with mannosidase (MANS)-GFP, another Golgi marker (Figure 2A ; Chen et al., 2006) . To visualize the late-Golgi compartments, we used SYN-16, the closest C. elegans homologue of mammalian syntaxin-16 that localizes to the trans-Golgi network (TGN) (Simonsen et al., 1998; Jantsch-Plunger and Glotzer, 1999; Gengyo-Ando et al., 2007) . GFPtagged SYN-16 (GFP-SYN-16) mainly localized to punctate structures, although a weak GFP signal was also detected on cytoplasmic FIGURE 1: Knockdown of snap-29 causes accumulation of the transmembrane and secreted cargo proteins in cytoplasmic small vesicles. (A-D) In the wild-type intestine, GFP-UNC-64 and GFP-SYN-1 localize to the apical and basolateral PM, respectively. In the snap-29(RNAi) animals, GFP-UNC-64 and GFP-SYN-1 targeted to the PM are reduced and the GFP signals are observed in fine-vesicular cytoplasmic structures. Autofluorescence of lysosome-like organelles can be seen in both the green and red channels, whereas GFP appears only in the green channel. Merged images of green and red channels are shown in A-D, in which autofluorescence is seen as yellow. An enlarged (2×) image of the boxed area is shown in the inset (B and D). (A′, B') Nomarski images corresponding to A and B, respectively. The wild-type intestine is filled with granules (A′, arrowheads). In the intestine of snap-29(RNAi) animals (B′), there are fewer granules (arrowheads) and the cytoplasm appears grainy (arrows). The lumen of the intestine accumulates undigested E. coli (asterisk). (E-F″) Accumulation of GFP-tagged yolk protein YP170-GFP in the intestine of snap-29(RNAi) animals. In the wild-type animal, YP170-GFP is secreted from the intestine and taken up by growing oocytes, resulting a weak GFP signal in the intestine (E, arrowhead). snap-29(RNAi) causes a high accumulation of YP170-GFP in the intestine (F, arrowheads). High-magnification images of the intestine are also shown in E″ (mock) and F″ [snap-29(RNAi)]. (E′, F′) Nomarski images corresponding to E and F, respectively. (G, H) Subcellular localization of the yolk receptor RME-2 in oocytes. In wild-type worms, RME-2-GFP localizes to cortical endosomes and the PM (G), whereas RME-2-GFP accumulates in deep cytoplasmic vesicles in the oocytes of snap-29(RNAi) animals (H). An enlarged (1.5×) image of the boxed area is shown in the inset (G and H). All images were observed in living animals. Bars, 10 μm (B, D, F″, and H) or 50 μm (F′). (I) Detection of SNAP-29 protein. Total lysates were prepared from N2 wild-type worms treated with RNAi of either control vector or snap-29. They were examined by Western blotting using anti-SNAP-29 antibody. The same membrane was also probed with anti-actin antibody.
were adjacent to puncta labeled with GFP-or RFP-tagged RAB-5, a marker of endosomes (Figure 2, C and D, arrowheads; Chen et al., 2006) . This close organization of the Golgi and endosomes was further confirmed in animals expressing mC-RER-1, YFP-SYN-16, and CFP-RAB-5 simultaneously ( Figure 2F ). We often but not always observed a directed arrangement of mC-RER-1, YFP-SYN-16, and CFP-RAB-5. Conversely, about a half of the RAB-5-positive puncta did not associate with mC-RER-1, suggesting that a Golgi-independent population of endosomes also exists (Figure 2, C and D, arrows) . We also examined the colocalization of mC-RER-1 with the recycling endosomal marker RME-1 (Grant et al., 2001) . GFP-RME-1 is highly enriched on tubulovesicular basolateral recycling endosomes. The puncta of mC-RER-1 did not overlap with GFP-RME-1 but often juxtaposed to the tips of GFP-RME-1-labeled tubules (Figure 2E) . These observations suggest that the Golgi and endosomes are organized very closely in the C. elegans intestinal epithelial cells.
SNAP-29 localizes to the late-Golgi, endosomes, and the PM
To examine the subcellular localization of SNAP-29, GFP-SNAP-29 or mCherry-SNAP-29 (mC-SNAP-29) was expressed in the intestine under the control of the intestine-specific act-5 promoter and the universal let-858 terminator. Expression of either tagged protein in the intestine rescued the growth defect caused by the RNAi using the 3′ untranslated region (UTR) of the snap-29 gene, confirming that the tagged SNAP-29 proteins are functional ( Supplemental  Table S3 ). Both GFP-SNAP-29 and mC-SNAP-29 mainly localized to intracellular punctate structures and the apical and basolateral PMs, but a significant portion of the proteins also seemed to be cytosolic in nature ( Figure 3A ). Most puncta of mC-SNAP-29 extensively colocalized with GFP-SYN-16 and closely attached with GFP-RER-1, suggesting the late-Golgi localization of mC-SNAP-29 ( Figure 3 , B and C). Because mC-SNAP-29 was also associated with GFP-RAB-5, mC-SNAP-29 could distribute to the Golgi-associated endosomes ( Figure 3D ). mC-SNAP-29-positive structures were often juxtaposed directly to RME-1-labeled recycling endosomes ( Figure 3E ). These results suggest that a large part of SNAP-29 localizes to the late-Golgi, endosomes, and the PM.
Loss of SNAP-29 causes aberrant morphology of the Golgi and endosomes
To better understand the function of SNAP-29 in the exocytic pathway, we investigated the effect of SNAP-29 depletion on organelle morphology. Because mC-SNAP-29 localizes to the Golgi, we observed the morphology of the Golgi by using the early-and late-Golgi-resident transmembrane markers. A depletion of SNAP-29 by RNAi resulted in the redistribution of both GFP-SYN-16 and GFP-RER-1 from the punctate Golgi structures to the fine membrane structures dispersed in the cytoplasm (Figure 4, A and B) . We further analyzed this Golgi vesiculation phenotype by using animals coexpressing GFP-SYN-16 and mC-RER-1. Of interest, even in the snap-29(RNAi) animals, the early-and late-Golgi markers appeared to reside on distinct vesicles rather than be mixed ( Figure 4G ).
We further investigated whether the morphologies of endocytic organelles are affected by SNAP-29 depletion. In snap-29(RNAi) animals, both the GFP-RAB-5 on early endosomes and GFP-RME-1 on recycling endosomes were mislocalized to the cytoplasm or cytoplasmic fine vesicles (Figure 4 , C and D). Similar mislocalization was observed for GFP-HRGS-1, which is the C. elegans homologue of Hrs, the late endosomes/mutivesicular endosomes protein ( Figure 4E ; Shi et al., 2007) . After snap-29(RNAi), fine cytoplasmic vesicles were labeled by at least some of these endosomal markers, extensions sometimes seemed to contact with distinct Golgi puncta. We also found that the Golgi structures are frequently associated with endosomes as reported previously (Shi et al., 2009) . Greater than 90% of mC-RER-1-positive or GFP-SYN-16-positive puncta tinal cells of wild-type animals, we observed a tubular ER network coated with electron-dense ribosomes, a stack of cisternae assumed to be the Golgi apparatus, and a number of vesicles and granules ( Figure 5, A and B) . Large granules filled with electron-dense materials are likely to be granules containing yolk components to be exocytosed ( Figure 5A, asterisks) . Conversely, in the snap-29(RNAi) animals, we were unable to find the typical Golgi-like cisternae, whereas many small, electron-dense vesicles and multivesicular membrane structures accumulated in the cytoplasm ( Figure 5, C and D) . This observation demonstrates again that the organization of the endomembrane system is severely impaired by the depletion of SNAP-29. It is striking that the length of the microvilli projecting from the apical surface was apparently shortened in the snap-29(RNAi) animals compared with that of the control animals ( Figure 5, A and C) . Electron-dense adherens junctions were still visible in the snap-29(RNAi) animal ( Figure 5, B and D, arrowheads) . To confirm the effect of SNAP-29 depletion on the microvillus morphology, we analyzed the distribution of an mCherry-fusion protein with ACT-5 (mC-ACT-5), which is one of the actin isoforms that constitute the intestinal microvilli in C. elegans (MacQueen et al., 2005) . As expected, mC-ACT-5 extensively localized to the apical PM in the wildtype intestine ( Figure 4F ). Consistent with the EM observation, a large population of mC-ACT-5 was mislocalized from the apical PM to the cytoplasm in the snap-29(RNAi) animals ( Figure 4F ). These results suggest that proper membrane trafficking is important for microvillus formation and/or maintenance. In the intestine of snap-29(RNAi) animals, we frequently observed autophagosome-and autolysosome-like structures ( Figure 5D, small arrows) . Furthermore, a number of smaller, rounder mitochondria were observed in the snap-29(RNAi) (Figure 5C, inset) , whereas many elongated mitochondria were found in the control animal ( Figure 5A, inset) , suggesting that mitochondrial network formation is also affected directly or indirectly by the loss of the SNAP-29 function.
SNAP-29 interacts with various worm syntaxins
Because depletion of SNAP-29 affected a wide range of endomembrane organelles, we determined whether SNAP-29 binds to syntaxins present on distinct internal membranes. Hemagglutinin (HA)-tagged C. elegans SYX-18a (ER syntaxin homologue), SYX-5 (cis-Golgi syntaxin homologue), SYN-16 (trans-Golgi syntaxin homologue), SYN-1(PM syntaxin homologue), SYN-4 (PM syntaxin homologue), and SYX-17 (endosome/lysosome syntaxin homologue) were coexpressed with FLAG-tagged SNAP-29 or RIC-4 in mammalian cultured cells and subjected to coimmunoprecipitation experiments ( Figure 6 ). We found that SNAP-29 bound to SYX-5, SYN-16, SYN-1, SYN-4, and SYX-17 ( Figure 6A ), whereas RIC-4 preferentially bound to SYN-1 ( Figure 6B) . These results suggest that unlike RIC-4, SNAP-29 is able to form binary t-SNARE complex with various syntaxins on the distinct compartments in C. elegans.
DISCUSSION
In this study, we identified C. elegans SNAP-29 as an essential regulator of membrane trafficking in the intestinal cells of living animals. We showed that SNAP-29 depletion blocks yolk secretion and results in the accumulation of small vesicles containing yolk. This phenotype strongly suggests that SNAP-29 is required for anterograde transport through the secretory pathway and controls the fusion of the transport intermediates with the target membrane. PM targeting of apical and basolateral membrane proteins is also inhibited by SNAP-29 depletion, suggesting a general requirement of SNAP-29 for the apical-and basolateral-directed transport pathways in polarized intestinal cells. Given the apical and basolateral PM localization although the cytosolic population of these markers may also have increased (Figure 4, C-E) . These results reveal a quite wide-ranging impact of snap-29(RNAi) on the morphologies of exocytic and endocytic organelles and suggest that multiple pathways of membrane trafficking are impaired by snap-29(RNAi).
SNAP-29 depletion impairs organization of the endomemebrane system and microvillus formation
We further sought to define the defect in the intestine of snap-29(RNAi) animals by using an electron microscope (EM). In the intes- . Asterisks indicate autofluorescence of gut granules because they appear in green, red, and blue channels. Puncta of mC-SNAP-29 closely associate both with GFP-RER-1 (C) and GFP-RAB-5 (D). Puncta of mC-SNAP-29 are adjacent to GFP-RME-1, but colocalization is observed only in the minor population (E). An enlarged (2×) image is shown in the inset (B and C). Note: All images were observed in living animals. Bars, 5 μm. taxins 1A, 3, 4), TGN (syntaxin 6), early/late endosomes (syntaxins 7, 13), and ER (syntaxin 17) (Steegmaier et al., 1998) . It is also possible that some of the observed phenotypes of SNAP-29 depletion on the organellar morphology are indirect effects of the inhibition of the earlier transport step.
A characteristic of SNAP-29 is that it lacks cysteine residues for palmitoylation that are conserved among the other SNAP family proteins. Nevertheless we observed that SNAP-29 localizes to various membrane compartments, suggesting a palmitoylationindependent membrane-targeting mechanism. It has been also reported that the mutant SNAP-25 protein that lacks all cysteines required for palmitoylation still possesses a partial membrane localization activity and that co-overexpression of syntaxin 1A facilitates membrane localization of the mutant SNAP-25 (Gonelle-Gispert et al., 2000) . Given that C. elegans SNAP-29 interacts with various syntaxins, it is reasonable to speculate that SNAP-29 localizes to the membrane through binding to syntaxin on each compartment.
We demonstrate that after SNAP-29 depletion, the Golgi and likely the endosomes are dispersed into smaller vesicular structures and are no longer able to maintain their typical morphology and size. This suggests that these organelles are not static structures but dynamic ones that are maintained by the balance between budding and fusion of the membrane. One possible explanation is that the budding of transport intermediates continues to take place, but fusion events with target membranes are blocked in the snap-29(RNAi) animals, resulting in the consumption of the organellar membranes. We observed that autophagy is significantly induced in the intestine of snap-29(RNAi) animals, suggesting that these intestinal cells are starved. SNAP-29 depletion may impair the secretion of digestive enzymes and the apical targeting of permeases and transporters, resulting in starvation and induction of autophagy. An abnormal morphology of mitochondria might also result from such change of cellular nutritional condition. Of interest, the depletion of SNAP-29 caused the mislocalization of ACT-5 (the actin essential for intestinal microvillus formation) from the apical membrane to the cytoplasm, resulting in disorganized and shorter microvilli in the intestine of snap-29(RNAi) animals ( Figure 5 ). These results imply that proper membrane trafficking to the apical surface is a prerequisite for microvillus formation and maintenance in epithelial cells.
MATERIALS AND METHODS
General methods and strains
Methods for the handling and culturing of C. elegans were essentially those as described previously (Brenner, 1974) . Strains expressing GFP-or mCherry-tagged proteins were grown at 20°C. The wildtype parent for all strains was C. elegans var Bristol strain N2. The unc-119(ed3) mutant (Maduro and Pilgrim, 1995) was obtained from of functional GFP-SNAP-29 and mC-SNAP-29, SNAP-29 could directly mediate the fusion of post-Golgi carriers with the PM. In humans, a mutation in the SNAP-29 gene results in CEDNIK syndrome (Sprecher et al., 2005) . Consistent with our observations, the secretion of lamellar granules, Golgi-derived vesicular structures containing proteases and lipids, is impaired in the epidermis of these patients. Recently, it was also reported that a knockdown of SNAP-29 results in an exocytosis defect of an artificial model cargo in HeLa-M cells (Gordon et al., 2010) .
It is striking that the morphology of a broad range of organelles comprising the exocytic and even endocytic pathways is totally affected by SNAP-29 depletion. In agreement with this phenotypic analysis, we found that tagged SNAP-29 broadly localizes to the late-Golgi and possibly the endosomes as well as the PM. In addition, worm SNAP-29 has an ability to bind various syntaxins. Thus SNAP-29 could be the common regulator involved in multiple transport pathways rather than a specific regulator of exocytosis. SNAP-29 could potentially participate in any transport directed to the Golgi (anterograde transport and retrograde transport from the endosomes) and to the endosomes in addition to exocytosis. Consistent with this possibility, it has been reported that mammalian SNAP-29 binds in vitro to various syntaxins localizing to the PM (syn- -18a, syx-5, syn-16, syn-1, syn-4, syx-17, and rab-5 were amplified by PCR and cloned into the entry vector pDONR221 by using Gateway recombination cloning technology (Invitrogen, Tokyo, Japan). These fragments of rer-1, snap-29, and syn-16 were cloned into the destination vector pKS18 or pMS14.1. Vectors pKS18 and pMS14.1 use act-5 and opt-2 5′ UTRs, respectively, to express an N-terminal GFPtagged fusion protein in the intestine. The genomic fragments of rer-1 and snap-29 were also cloned into the destination vector pMS6.2 or pMS16.1, which drive the expression of an N-terminal mCherry-tagged fusion protein under the control of act-5 or opt-2 5′ UTRs, respectively. The genomic fragment of act-5 was cloned into a destination vector pMS6.3, which drives the expression of an N-terminal mCherry-HA (HA epitope)-tagged fusion protein under the act-5 5′ UTR control (Sato et al., 2008b) . To express YFP-or CFP-tagged proteins, a region corresponding to GFP in pKS18 was replaced with a fragment encoding EYFP (pMS8.1) or Cerulean (pMS9.1). cDNAs of syn-16 and rab-5 were then cloned into these vectors. All destination vectors use the universal let-858 3′ UTR. The vectors pMS14.1, pMS6.2, pMS6.3, pMS8.1, and pMS9.1 contain a genomic fragment of Caenorhabditis briggsae unc-119 to select transgenic animals. Transgenic lines were created using the microparticle bombardment method as described previously (Praitis et al., 2001) . For pKS18-based plasmids, the wild-type unc-119 fragment was introduced simultaneously. cDNAs of snap-29 and ric-4 were prepared from expressed sequence tag clones provided by Yuji Kohara (National Institute of Genetics, Shizuoka, Japan) and subcloned into L4440. A snap-29 3′ UTR fragment (926 base pairs) and a genomic fragment of aex-4 were amplified from the N2 genome and cloned into L4440. RNAi using the snap-29 3′ UTR fragment showed similar but slightly milder phenotypes compared with the RNAi using snap-29 cDNA. As a negative control of the RNAi experiments, L4440 alone or L4440 harboring cDNA of human transferrin receptor was used (Sato et al., 2006) . To generate a mammalian expression vector for the expression of FLAG and HA fusions in mammalian cells, the two mammalian expression vectors p3XFLAG-CMV-10 (Sigma-Aldrich, Tokyo, Japan) and pCIneo (Promega, Tokyo, Japan) together with HA-epitope tag (Itakura et al., 2008) were used to incorporate the Gateway cassettes rfB of the Gateway conversion system (Invitrogen). To express FLAG fusion proteins in mammalian cells, cDNA fragments of snap-29 and ric-4 were cloned into a destination vector (CMV10-rfB) by Gateway recombination cloning. To the Caenorhabditis Genetic Center. The transgenic strains used are listed in Supplemental Table S1 .
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Genomic fragments containing the coding regions of rer-1, unc-64, syn-1, snap-29, or act-5 and cDNAs of snap-29, ric-4, syn-16, FIGURE 5: Electron microscope analysis of wild-type and snap-29(RNAi) worms. Electron micrographs of cross sections of the intestine of wild-type and snap-29(RNAi) animals are shown. (A, B) Control RNAi animals display a normal intestinal organelle distribution, electrondense adherens junctions (arrowheads), and microvilli. The tubular network of the ER, vesicles, granules, and elongated mitochondria (A, inset) are also observed. Large granules filled with electron-dense materials are likely to be granules containing yolk components to be exocytosed (A, asterisks). A stack of cisternae similar to the Golgi apparatus is also found (B, large arrow). In the intestine of the control RNAi animals, 0.76 Golgi, 0.41 multivesicular structures, and 5.0 electron-dense structures were observed in 10 μm 2 . (C, D) In snap-29(RNAi) animals, many electron-dense small vesicles containing yolk and multivesicular structures have accumulated. The typical branching tubular network of the ER is difficult to detect. The snap-29(RNAi) animals frequently exhibited shortened microvilli on the apical surface, whereas the adherens junctions still exist. It should be noted that many rounder mitochondria (B, inset) and autophagosomeand autolysosome-like structures (D, arrows) are observed in the snap-29(RNAi) animals. In the intestine of the snap-29(RNAi) animals, 15.3 multivesicular structures and 45.0 electron-dense structures were observed in 10 μm 2 .
